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 12 
Abstract 13 
The transport sector is the dominant source of nanoparticles in the urban atmosphere. 14 
It is also responsible for about 20–25% of current global CO2 emissions, a figure that 15 
is expected to grow t  about 30–50% by 2050 (Fuglestvedt et al., 2008). One option 16 
to counter this trend and contribute to the attainment of carbon emission reduction 17 
targets is the use of biofuels in road vehicles. This leads to a reduction in CO, CO2 18 
and particle mass emissions, though particle number emissions may increase. This 19 
article discusses the potential impact of the particle number concentrations derived 20 
from biofuel vehicles on existing regulatory concerns over atmospheric nanoparticles. 21 
Keywords: Atmospheric nanoparticles; Biodiesel; Biofuel; Climate change; Particle 22 
number concentrations; Vehicle emissions 23 
1. Characteristics, impacts and regulatory implications of atmospheric 24 
nanoparticles 25 
Nanoparticles in the atmosphere require regulatory control because of their 26 
adverse impact on public health (Donaldson et al., 2005; Murr and Garza 2009).  27 
Through coagulation and condensation processes they also play an important role in 28 
influencing the chemical and optical properties of atmospheric coarse particles 29 
(Buseck and Adachi 2008; Kulmala et al., 2004) and consequently affect global 30 
climate (IPCC 2007) and urban visibility (Horvath 1994).  31 
It is important to define the term ‘nanoparticle’ more precisely than simply ‘particles 32 
in the nanometre size range’ as currently used definitions vary. Here, we define them 33 
as particles of size <300 nm in diameter for the following reasons: (i) this size range 34 
comprises more than 99% of total particle number concentrations in urban 35 
environments (Kumar et al., 2008a; Kumar et al., 2009a), and (ii) this includes the 36 
‘ultrafine size range (<100 nm)’ which comprises up to 80% of the total number 37 
concentration of atmospheric particles (Kumar et al., 2008b; Kumar et al., 2008c). It 38 
is the ultrafine fraction of nanoparticles that is largely associated with adverse health 39 
effects because of a greater capability to penetrate into the respiratory and 40 
cardiovascular systems (Murr and Garza 2009; Oberdörster et al., 2005) and an 41 
increased probability of inhalation due to a longer residence time in the atmosphere 42 
(Kittelson 1998). 43 
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There are currently no regulatory limits anywhere in the world that aim to control the 1 
number concentrations of atmospheric particles. Current regulations in the UK, 2 
Europe and elsewhere are written in terms of mass concentrations for particles in the 3 
size ranges ≤10 (PM10) and ≤2.5 µm (PM2.5). This means that the major proportion of 4 
vehicle derived particles in the nanometre size range remains unregulated through 5 
ambient air quality standards. Euro–5 and Euro–6 vehicle emission standards are the 6 
first ever initiative to control nanoparticle number emissions at their source (EU, 7 
2008). These EU standards are applicable to all categories of light–duty diesel 8 
vehicles and apply to number emissions of solid particles in the range from 23 to 9 
2,500 nm (after removal of volatile material). It is likely that related standards for 10 
ambient nanoparticle number concentrations may come into force some time in the 11 
future to limit the exposure of the general public to these particles. Such regulations 12 
could include particles below 23 nm, as these comprise 30% or more of total particle 13 
number concentrations (Kumar et al., 2009a; Stainer et al., 2004), and exclude 14 
particles above 300 nm that make a negligible contribution to total particle numbers in 15 
the urban environment (Kumar et al., 2009a). 16 
Understanding of the characteristics and behaviour of atmospheric nanoparticles has 17 
improved considerably in recent years (Kumar et al., 2010a) but there remain a 18 
number of unanswered issues that need to be addressed before developing a 19 
regulatory framework. These include the lack of standard methods and 20 
instrumentation for nanoparticle number measurement, insufficient information on 21 
dispersion and transformation behaviour over relevant spatial scales (i.e. vehicle 22 
wake, street canyon, neighbourhood, city or regional), the lack of scientifically 23 
validated dispersion models for particle numbers, the scarcity of long–term 24 
monitoring studies for evaluating the performance of dispersion models, and the 25 
limited availability of specific information on toxicity and of epidemiological 26 
evidence that relates exposure with public health. A comprehensive review of the 27 
above topics can be found in Kumar et al. (2010b). 28 
Biofuels are seen as one of the means through which greenhouse gas emission 29 
reduction targets, for example from the Kyoto Protocol, might be met by reducing the 30 
98% reliance of the transport sector on fossil fuels (EEA Briefing 2004). 31 
Consequently, the consumption of biofuels is expected to increase with time. The 32 
discussion presented in Sections 2 and 3 indicates that the inclusion of biofuel driven 33 
vehicles in the vehicle fleet reduces overall emissions of many common and 34 
greenhouse gas pollutants but possibly at the cost of increased nanoparticle number 35 
emissions. The nature and numbers of biofuel derived nanoparticles thus need to be 36 
considered in any potential regulatory framework for atmospheric nanoparticles.     37 
2. Biofuels and nanoparticles 38 
Biofuels are liquid or gaseous fuels that are derived from virgin or used 39 
vegetable oils or animal fats through thermo– or bio–chemical processes (Kumar et 40 
al., 2010b). Biodiesel and bioethanol are first generation biofuels that are mainly sold 41 
in different blends for use in road vehicles. More specifically, rapeseed oil based 42 
biodiesel (RME) is widely used in Europe while soy–based biodiesel (SME) is widely 43 
used in the USA (Bagley et al., 1998). Recent estimates (Bacovsky et al., 2009) 44 
indicate that Germany is the largest producer of biodiesel (contributing about 37% of 45 
total production), followed by the USA (24%) and Netherlands (13%), with the UK 46 
ranked sixth (at 4%). On the other hand, the USA contributes 54% of total bioethanol 47 
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production, with Brazil the next largest producer (37%) followed by China (4%); the 1 
UK was ranked ninth with only 0.2% of the total production (Bacovsky et al., 2009).  2 
 3 
Technical advantages of using biodiesel rather than petroleum–based diesel in 4 
vehicles include a greater cetane number and absence of sulphur contents. The latter 5 
reduces corrosion and prevents sulphur poisoning of after–treatment systems. The 6 
high oxygen content (11%) in biodiesels reduces elemental carbon emissions (Jung et 7 
al., 2006). Disadvantages include a lower energy density (which results in a greater 8 
fuel requirement to achieve the same power output), greater viscosity (which 9 
adversely affects spray formation), higher pour and cloud points (which limit winter 10 
operation) and lower oxidative stability (which shortens storage life); Jung et al. 11 
(2006).  12 
2.1  Nanoparticle emissions 13 
Somewhat inconsistent and limited information is available in the literature on 14 
particle number emissions from biofuelled vehicles. Increased emissions are generally 15 
but not always observed and the reason for such inconsistencies are not properly 16 
understood. The matter is complex because particle number distributions are very 17 
sensitive to the level of dilution and heating prior to sampling, engine operating 18 
conditions, the type and strength of biofuel blends and the specific vehicles used 19 
(Lapuerta et al., 2008).  20 
For example, Jung et al. (2006) observed about a 38% decrease in the number of 21 
particles emitted from a 4–cylinder turbocharged diesel engine (fitted with diesel 22 
particulate filters) when using neat SME biodiesel rather than regular diesel fuel. On 23 
the other hand, Bunger et al. (2000) and Turrio-Baldassarri et al. (2004) found no 24 
significant differences in number emissions when comparing the use of a number of 25 
blends of bio– with regular diesel fuels.  26 
However, the majority of studies indicate that, irrespective of the type of biofuel (pure 27 
or blended) and engine used, particle number emissions were somewhat larger for 28 
biofuelled vehicles than conventionally fuelled vehicles; emissions ranging from 29 
about 1.4 × 1011 to 4.5 × 1014 # km–1 for biodiesels, compared with about 1.1 × 1011 to 30 
2.1 × 1014 # km–1 for petroleum fuels (Fontaras et al., 2009; Krahl et al., 2003; Lee et 31 
al., 2009). In some instances, number emissions of nanoparticles were found well 32 
above the limit (i.e. 6.0 × 1011 # km–1) set by Euro–5 and Euro–6 vehicle emission 33 
standards (EU 2008), a finding of concern to vehicle manufacturers wishing to design 34 
to the EU standards. For example, Fontaras et al. (2009) found emissions of about 1.2 35 
to 4.5 × 1014 # km–1 for neat SME biodiesel and 0.6 to 3.0 × 1014 # km–1 for a 50% 36 
blend as compared with 0.4 to 2.1 × 1014 # km–1 for petroleum–diesel in a Euro–2 37 
diesel passenger car.  38 
The use of exhaust treatment devices (e.g. diesel particulate filters) has been found to 39 
decrease particle number emissions by up to two orders of magnitude in comparison 40 
with ‘untreated’ diesel vehicles (Lee et al., 2009). Such measures can clearly help in 41 
attaining vehicle emission standards but this does not alter the fact that the use of 42 
biofuels in vehicles can result in increased nanoparticle number emissions compared 43 
with petroleum fuels. For instance, Kim and Choi (2010) tested biodiesel–diesel 44 
blends in a common rail, direct injection diesel engine fitted with a warm–up catalytic 45 
converter to meet Euro–4 diesel emission regulations. They found 8.7 and 5.4% 46 
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increase in number of particles below 50 and 100 nm, respectively, for 5% biodiesel 1 
blend as compared with 100% ultra–low sulphur diesel. The dominant reasons for 2 
these increases could be a combination of:  3 
(i) the shift in the particle size distributions towards smaller size ranges (Cheng et 4 
al., 2008b) that results in considerably increased numbers of nucleation mode 5 
particles,  6 
(ii) the reduced numbers of solid particles in biodiesel derived emissions (Fontaras 7 
et al., 2009) that provide smaller surface area for condensation or adsorption 8 
of volatile compounds (e.g. unburnt fuel and lubricant oil) and hence promote 9 
both the production of new particles via nucleation and their growth to 10 
measurable sizes (Kittelson 1998; Kulamal et al., 2004), and 11 
(iii) the lower calorific values of biodiesels that, in conjunction with the higher 12 
density of biodiesels, results in increased fuel mass flow rates to achieve the 13 
same power output and a consequent increased number of small particles 14 
(Jung et al., 2006; Tsolakis 2006; Lapuerta et al., 2008; Kumar et al., 2010b).  15 
Furthermore, studies indicate that number emissions can increase by up to two-fold 16 
when the biodiesel blend is increased in petroleum–diesel from 50 to 100% (Fontaras 17 
et al., 2009). Overall, this indicates a likely increase in nanoparticle emissions in the 18 
near–future with the further increase in the blend of routinely sold biodiesels, 19 
currently standing at between 5 and 20%, for use in vehicles in Europe. 20 
3. Common air pollutants and greenhouse gas emissions 21 
A number of studies reviewed by Lapuerta et al. (2008), Basha et al. (2009) and 22 
Gaffney and Marley (2009) indicated that the use of blends or pure biodiesels in 23 
vehicles rather than petroleum–based fuels reduced mass emission rates of both 24 
common air pollutants (by up to 60 % for carbon monoxide, CO, 70% for total 25 
hydrocarbons, THC, and 50% for particulate matter, PM) and major greenhouse gases 26 
(such as carbon dioxide, CO2, by up to 80%). However, a likely increase in nitrogen 27 
oxide (NOx) emissions (by up to 80%) was also reported, together with an indication 28 
of increased benzene and aldehydes emissions but negligible differences in total 29 
polycyclic aromatic hydrocarbons (PAH) and nitro–PAH emissions. A recently 30 
concluded study on road transport emissions from biofuel consumption in the UK 31 
(AEA 2008) noted reductions in CO, PM and non–volatile organic carbon (NVOC) 32 
emissions with the use of blended biofuels but found no conclusive evidence for 33 
increased NOx emissions. All agree that, relative to low strength blends, the effects on 34 
emissions of high strength blends (or pure biofuels) are considerably increased. 35 
Further research though is required to provide an accurate picture of the impacts on 36 
emissions of high strength fuel blends.  37 
The net impact of the use of biofuelled vehicles on climate change and air quality is 38 
not yet well understood and requires further detailed investigation. For example, the 39 
reductions in common air pollutant emissions (i.e. CO, THC, PM, NVOC) indicate 40 
improvements in local air quality but the debatable increased emissions of NOx can 41 
lead to greater formation of ozone in the troposphere (Jacob and Winner 2009) and 42 
consequently can degrade local air quality. Note that the reduction in other ozone 43 
precursors (CO and VOCs) may mask some of the ozone formation if NOx emissions 44 
are indeed increased, leaving the question of the net impact of biofuel derived air 45 
pollutants on local air quality unanswered. On the other hand, the reduced emissions 46 
of the most relevant greenhouse gas (i.e. CO2) seem to provide an effective strategy to 47 
combat climate change. Whether this strategy also exacerbates nanoparticulate 48 
Page 17 of 21
http://mc.manuscriptcentral.com/asl
Atmospheric Science Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review
 
 
Page 5 of 8 
pollution problems for local regulatory authorities in urban areas remains an open 1 
question. 2 
4. Regulatory implications 3 
Regulatory concerns with atmospheric nanoparticles need to be faced in the 4 
light of both a growth in vehicle numbers and an increased use of biofuels in road 5 
vehicles. For example, there are currently over 700 million road vehicles in the world 6 
and this is projected to increase to 1.3 billion by 2030 and to over 3 billion vehicles by 7 
2050 (Hansen 2004). The European directive 2003/30/EC set an immediate legal aim 8 
of replacing 5.75% of conventional fuel in road transportation with biofuels by 2010, 9 
and 20% fuel by 2020. Clearly, these and similar plans to reduce carbon emissions by 10 
controlling carbon integrated air pollutants (such as CO, CO2, NVOCs and PM) will 11 
help in combating climate change. However, the consequent increase in nanoparticle 12 
number emissions from the use of biofuels in road vehicles would appear to create 13 
additional challenges to existing regulatory concerns with atmospheric nanoparticles.  14 
As discussed in Section 2, the observed level of nanoparticle emissions from 15 
biofuelled vehicles suggests that further development is needed, at least in some 16 
cases, for engines to meet Euro–5 and Euro–6 standards. It is very likely that vehicles 17 
successfully designed to meet the standards whilst using regular diesel fuel will, in the 18 
future, be run on biofuels. Thus the continuous replacement of conventional fuel with 19 
biofuels in road vehicles is likely to lead to an increase in the total number of 20 
nanoparticles released into the atmosphere. For instance, engine studies for light–duty 21 
vehicles using blended biofuels show up to three times greater nanoparticle number 22 
concentrations in the exhaust flow (# cm–3) compared with conventionally fuelled 23 
engines (Bagley et al., 1998; Bunger et al., 2000; Cheng et al., 2008a; Cheng et al., 24 
2008b; Tsolakis 2006). Consequently, if this class of atmospheric nanoparticles is to 25 
be included in any regulatory framework, further advances are essential in the detailed 26 
understanding of their chemical characteristics (i.e. toxicity, chemical composition, 27 
etc.) and their impacts on health and the environment, together with improvements in 28 
measurement and modelling methods. A feature of biofuel derived nanoparticles is 29 
that their physical characteristics (e.g. size and shape) can be assumed to be similar to 30 
those from conventional fuelled sources, unlike particles from other emerging 31 
sources, such as manufactured nanoparticles, that have significantly different physico-32 
chemical characteristics (Kumar et al., 2010a; Xia et al., 2009). Nanoparticles from 33 
bio– and conventionally fuelled vehicles can therefore be measured using the same 34 
instruments (i.e. SMPS, ELPI, APS, DMS, etc; see Kumar et al. (2009b)). However, 35 
their chemical characteristics (e.g. toxicity) remain an important issue that could 36 
influence mitigation strategies significantly.  37 
It might be argued that biofuels are ‘clean’ and therefore emitted nanoparticles should 38 
also be non–toxic and could therefore be treated lightly in regulation. This hypothesis 39 
is constrained by the limited and somewhat conflicting information available on the 40 
toxic effects of biofuel derived nanoparticles on human health. Most studies do indeed 41 
show much lower adverse effects of bio– relative to conventional fuel particle 42 
emissions (Bunger et al., 2000; Finch et al., 2002; Krahl et al., 2007; Krahl et al., 43 
2003), though contradictory results have also emerged. For example, Bunger et al. 44 
(2000) tested the effects of RME biodiesel derived nanoparticles on mouse fibroblasts 45 
and found fourfold stronger toxic effects in comparison with diesel fuel emissions at 46 
some operating conditions (e.g. idling). Considering the limited knowledge on this 47 
topic, it is too early to formulate any definite conclusions about toxicity. Whatever the 48 
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Page 6 of 8 
final outcome of toxicological studies, biofuel derived nanoparticles will clearly have 1 
some potential impact on public health, meaning that they may remain a matter of 2 
concern, at least until detailed information is available on their toxicological and 3 
epidemiological character.    4 
5. Summary and concluding remarks 5 
The use of biofuels in road vehicles has a considerable potential for reducing the 6 
transport sector’s reliance on fossil fuels as well as reducing emissions of common air 7 
pollutants and greenhouse gases. The latter benefits arise primarily from the chemical 8 
composition of biofuels. Nonetheless, supply chain (e.g. supply consistency) and 9 
social concerns (e.g. food and water security; see Dominguez-Faus et al., 2009, and 10 
references therein) and resistance from vehicle manufacturing companies (Lapuerta et 11 
al., 2008) remain debatable issues. Use of biofuels in vehicles is however encouraged 12 
as an international energy policy to gain economic (e.g. job creation and energy 13 
independency) and environmental benefits. The latter include compliance with strict 14 
emission standards, the security of fossil fuel supplies and the reduction in greenhouse 15 
gas emissions. This clearly addresses the climate change problem but possibly at the 16 
expense of increased emissions of nanoparticle numbers. Somewhat confusing and 17 
limited information is available on the physico-chemical characteristics of biofuel 18 
derived nanoparticles – also, for that matter, on the effects of the use of biofuels on 19 
engine maintenance and efficiency. This, together with a likely increase in particle 20 
number emissions with time, poses a number of challenges for regulatory authorities 21 
responsible for controlling nanoparticulate pollution in urban areas. It is probably too 22 
early to decide to what degree biofu lled derived nanoparticles may augment existing 23 
regulatory concerns with atmospheric nanoparticles. The answer rests on the 24 
availability of comprehensive information on the issues highlighted in this review. 25 
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